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Abstract— In the presented paper, the principle of frequency domain
channel estimation for wireless OFDM systems will be shown. A well
known noise reduction technique will be adapted to HIPERLAN/2 and
IEEE802.11a standards, and its positive effects will be demonstrated
by simulation results.
Channel tracking has not been considered by the WLAN standards
named above, although it is well known that time-variant indoor radio
channels can change their characteristics within one PHY burst. This
paper presents some techniques for decision directed channel tracking,
applicable in wireless OFDM systems.
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I. INTRODUCTION
The American IEEE802.11a standard and the European
equivalentHIPERLAN/2 are two similar conceptsfor broad-
band wireless LANs (WLAN) in the 5 GHz band. Both
standards are based on the multicarrier modulation tech-
nique OFDM (orthogonal frequency division multiplexing)
combined with convolutional channel coding. The base-
band modulation schemes of both standards are very similar,
which simpliﬁes implementation considerably. Challanges
and difﬁculties considered in this paper regard both systems.
Except for slight differences in signal mapping, most dis-
crepancies between the standards regard the higher protocol
layers.
Section II presents some fundamentals of OFDM and the
WLAN standards. Here we focus on the baseband modu-
lation in the PHY layer and explain parts of the PHY burst
structure relevant to channel estimation.
Section III describes a frequency domain channel estima-
tor. Assuming channel impulse responses being limited in
time, correlations between adjacent subcarriers can reduce
the noise inﬂuence on the estimated transfer function. Here,
a new method for computing the correlations is shown.
In case of time variant channel coefﬁcients, a decision di-
rected channel tracking algorithm for re-estimating thechan-
nel coefﬁcients is presented in section IV. The remodulation
of the detected data can be done with or without exploiting
channel decoding as demonstrated in section IV.
II. WIRELESS LAN OFDM SYSTEMS
As mentioned in the introduction, the new WLAN stan-
dards HIPERLAN/2 and IEEE802.11a are based on the
multi-carrier (MC) technique OFDM [1], [2], [3]. Primar-
ily, OFDM can be described as an analog discrete multi-
tone technique with rectangular (orthogonal) pulse shap-
ing ﬁlters for each subcarrier. A guard interval protects
the received data against inter-symbol- (ISI) or inter-carrier-
interference (ICI). Practically, discrete transmitter and re-
ceiver ﬁlter banks are used and computed by very efﬁcient
FFT algorithms.
Concerning the considered standards, the total OFDM sym-
bol duration is
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Fig. 1. Time discrete OFDM system
Due to ISI- and ICI-free received symbols, the channel inﬂu-
ence can be reduced to one complex Rayleigh fading factor
(channel coefﬁcient) on each subcarrier
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dex). Assuming a slow fading channel, the transfer function
is nearly constant for the duration
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describes the belonging coefﬁcients. Since all
subcarriers are orthogonal, OFDM needs only one equalizer
coefﬁcient for each subcarrier, according to ﬁgure 1
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. This zero forc-
ing solution is viable if the channel state information will be
considered in the Viterbi channel decoder.
In combination with variable code rates (punctured convolu-
tional codes) and different symbol mapping schemes (BPSK
... 64-QAM), the new WLAN standards provide data rates
from 6 up to 54 Mbit/s.
In the PHY layer of HIPERLAN/2 and IEEE802.11a, dif-
ferent burst types with equal training symbols are deﬁned.
The preamble contains a synchronisation sequence of 8
￿
s
(except the downlink burst) followed by 2 identical train-
ing symbols
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(each 3.2
￿
s) and protected by one long
guard interval. The payload contains user data packets of
432 bit/packet. Figure 2 shows an example PHY burst (27
Mbit/s mode). Each data OFDM symbol consists of 48 data
and 4 pilot carriers. The pilot carriers can be used for ﬁne
frequency tuning.
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Fig. 2. Time domain burst structure (27 Mbit/s mode)
III. CHANNEL ESTIMATION
The presented standards include coherent data demodulation
so that the channel has to be estimated. As mentioned in
section II, OFDM needs only one coefﬁcient per subcarrier.
With the given burst structure, the system permits an esti-
mation using two subcarriers coefﬁcients at the beginning of
each burst
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Figure 3 shows the block diagram of the channel estimator.
In case of AWGN the estimated coefﬁcients are given by the
true channel transfer coefﬁcients
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Fig. 3. Initial Channel estimation in frequency domain
where the averaged power of
￿
h
g
j
i
Ø is 3 dB below the data
symbol distortion (due to averaging over 2 pilot symbols).
As simulation results will show, the presented channel esti-
mation method results in an
˚
￿
￿ loss of about 2 dB com-
pared to simulations with perfectly known channels.
By exploiting the correlations between adjacent subcarriers
coefﬁcients, the estimator noise in (5) can be reduced sub-
stantially. The so-called noise reduction algorithm (NRA) is
placed between IFFT and FFT as shown in ﬁgure 4.
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Fig. 4. Noise reduction algorithm (NRA)
In order to fulﬁll the condition of ISI and ICI free demodu-
lation, the channel impulse response has to match the guard
interval. In particular, the maximum channel delay must not
exceed the guard time. With the number of guard samples
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The estimated channel impulse response
￿
￿ can be computed
by an inversefourier transformation of the estimated channel
transfer function vector
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The basic idea of noise reduction is the limitation of the im-
pulse response according to
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. (note: if IDFT and DFT are used for noise re-
duction, the number of subcarriers
￿ must be equal to the
DFT length
￿
# . Another possibility will be presented in the
following text.)
The problem of this well known technique is the compu-
tation of the IDFT (7) and the DFT (10) in case of in-
completely estimated channel transfer functions. Some of
the subcarriers cannot be estimated since they are not used
(guard band, DC component) In order to overcome these
problems, we can split the vector
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the unknown transfer factors can be computed by
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with *: transposed conjugate
it is possible to compute the noise reduced subcarrier coefﬁ-
cients
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The noise reduction matrix
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can be pre-computed of-
ﬂine. Thus, the noise reduction algorithm requires only one
run-time matrix multiplication (22). Figure 5 depicts some
simulation results of the 27 Mbit/s mode. For Monte-Carlo
simulations, a typical Rayleigh fading mobile indoor chan-
nel model with a delay spread
￿
6
f =100 ns has been chosen.
As a reference, the results with perfectly known channel co-
efﬁcients are given, too.
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With raw channel estimation over 2 training symbols (CE
without NRA), the
y
9
z
￿
￿
I
{ loss is about 2 dB, compared to
perfectly known channels. After re-calculating the subcar-
rier coefﬁcients by multiplying the noise reduction matrix
(22), the
y
z
￿
￿
{ loss is reduced to 0.7 dB. For other HIPER-
LAN/2 or IEEE802.11a modes, similar results havebeen ob-
tained.
IV. CHANNEL TRACKING
The HIPERLAN/2 and IEEE802.11a standards provide 2
training symbols in front of each data burst and 4 pilot car-
riers inside each data symbol. In case of time variant chan-
nel coefﬁcients, the initial channel estimation sufﬁces only
for OFDM symbols near the beginning of the burst. There-
fore only 4 pilot carriers are not sufﬁcient to supply channel
tracking for a complete subcarrier coefﬁcient set [7].
In order to create additional training symbols, received and
decided data can be re-modulated to re-estimate the chan-
nel coefﬁcients during data demodulation, as it can be seen
in ﬁgure 6. The best choice would be decided data feed-
back from the Viterbi decoder output, because the bit error
rate (BER) is much better than at the decoder input. How-
ever code termination is only provided at the end of each|
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Fig. 6. Block diagram of decision directed channel tracking
data burst. Before code termination has been reached, a suf-
ﬁciently safe data decision will be at the expense of some
Viterbi decision delay. Figure 7 shows the simulated bit er-
ror rates subjected to the decoding delay
￿
￿
￿
￿
￿
￿
￿
with different
coding rates
￿
￿
￿ .
The results of ﬁgure 7 are summarized in table I for all
HIPERLAN/2 modes. In a worst case scenario with
￿
￿
￿
￿
￿
{
￿
￿
￿
, the Viterbi decoder needs a delay of 100 decoded bits.
With 1 OFDM symbol containing 36 data bits (9 Mbit/s
mode), a maximum decoding delay of
º
{
￿
￿
complete
OFDM symbols is required. In order to obtain comparable
results, this delay has been used for all modes.
The other feedback possibility is to use the non decoded
symbols at the symbol decoder output for re-modulation
(
º
{
￿
￿
￿
). Figure 6 demonstrates both options.
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Fig. 7. simulated bit error rates (BER) of 27 Mbit/s mode versus decoding
delay
@
*
A
C
B
E
D (only AWGN)
Mode
￿
z
￿
+
z
￿
￿
￿
F
￿
G
￿
%
￿
H
J
I
L
K
i
Œ
￿
º
{
￿
￿
N
M
P
O
i
￿
g
6 1/2 24
Q 60 3 12
￿
s
9 3/4 36
Q 110 3 12
￿
s
12 1/2 48
Q 60 2 8
￿
s
18 3/4 72
Q 110 2 8
￿
s
27 9/16 108
Q 70 2 8
￿
s
36 3/4 144
Q 110 1 4
￿
s
54 3/4 216
Q 120 1 4
￿
s
TABLE I
Estimated decoding delay
The ﬁrst
º
{
f
￿
OFDM symbols are demodulated by using
the initial channel estimation. The decided data (before or
after decoding) must be re-modulated. The decision delay is
modulated by
R
N
C
S
L
T
J
 
U
W
V
￿
X
. Dividing
￿
Y
Œ
￿
º
￿
￿
by
Y
C
Z
P
[
￿
Œ
X
º
U
￿
and apply-
ing the noise reduction algorithm will produce a new chan-
nel estimation
.
￿
￿
Œ
￿
\
￿
￿
for the
º
ı
X
￿ OFDM symbol. In order to
reduce noise inﬂuence, a ﬁrst order loop ﬁlter with parame-
ter
]
2
{
Y
￿
has been introduced, as shown in ﬁgure 6.
Finding an optimal loop parameter
]
{ is a compromise be-
tween noise sensitiveness and tracking power. In order
to simulate the noise inﬂuence, a time-invariant Rayleigh-
fading indoor channel model (
￿
6
f
￿
￿
￿
￿
￿
￿
ns) has been used.
Figure 8 shows the simulated BER versus
]
{ for both cases:
decided data feedback before (uncoded) and after Viterbi de-
coding (coded). The averaged noise power is
^
y
z
￿
￿
{
￿
￿
￿
￿
dB.
In case of
]
2
{
￿
￿
, no tracking will be done and the BER
must be identical to that in ﬁgure 5 with NRA. Of course,
with an increased
]
{ , the noise inﬂuence on tracking based
on non-decoded reference symbols rises more than for de-
coded symbols. With
]
2
{
Y
￿
￿
￿
￿
￿
(uncoded) and
]
2
{
Y
￿
￿
￿
￿
￿
￿
(coded) a negligible BER loss can be obtained.
For tracking power simulations, a time variant channel
model hasbeen used, considering Jakes-distributedDoppler-                       
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Fig. 8. Simulated bit error rates (BER) of 27 Mbit/s mode versus loop
parameter
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In ﬁgure 9 the simulated packet error rates (PER) of a
HIPERLAN/2 system (27 Mbit/s) in case of high mobility is
depicted. The simulated PHY burst length is about 800
￿
￿
￿
.
Without tracking, the PER becomes very high for more than
3 m/s. Applying channel tracking after exploiting Viterbi
decoding, the system functionality can be guaranteed up to
}
￿
G
￿
%
￿
￿
œ
￿
￿
￿
m/s.
V. CONCLUSIONS
In section II, the PHY layer of modern wireless LAN stan-
dards in 5 GHz band has been presented. Here we fo-
cused on OFDM fundamentals and the PHY burst struc-
ture. The training symbol constellations of HIPERLAN/2
and IEEE802.11a are equal.
Section III shows a frequency domain based channel esti-
mation. The inﬂuence of noise can be reduced by applying
the noise reduction algorithm (NRA). It is based on a time
limited channel impulse response. By permutating the IDFT
matrix, the run-time costs of the NRA can be reduced to one
matrix multiplication. The gain of about 1.3 dB has been
veriﬁed by simulation results.
In case of time variant channel coefﬁcients, channel track-
ing is necessary. Thus, a channel tracking scheme, ap-
plicable to HIPERLAN/2 and IEEE802.11a, has been pre-
sented in section IV. With Viterbi decoding placed inside
the feedback loop, the channel estimation based on re-coded
and re-modulated symbols yields better results. Although
the Viterbi decoder needs a decoding delay, channel track-
ing with exploitation of channel decoding permits higher
Doppler frequencies and thus higher mobile speeds.
This paper has shown an efﬁcient method to estimate the
subcarrier coefﬁcients. Furthermore, the necessity of chan-
nel tracking has been demonstrated and a practical solution
has been presented.
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